A naphtha catalytic reforming unit with four reactors in series is analyzed. A physical model is proposed to describe the catalytic reforming radial flow reactor. Kinetics and thermodynamics equations are selected to describe the naphtha catalytic reforming reactions characteristics based on idealizing the complex naphtha mixture by representing the paraffin, naphthene, and aromatic groups by single compounds. The simulation results based above models agree very well with actual operation unit data.
INTRODUCTION
Catalytic reforming of naphtha or mixture of naphtha with a certain amount of cracking oil is a process of great interest to the petrochemical industry for the production of aromatic compounds that are raw materials for plastics, elastomers and resins manufacture. Catalytic reforming unit uses naphtha or cracking oil as feedstock to produce rich aromatic compounds and high octane value liquid products through reactions such as aromatization, cyclization, and hydrocracking. At the same time, it produces hydrogen (H) and liquified petroleum gas (LPG) as its by-products. The design or simulation of the catalytic reforming reactor is very difficult because of complicated components of catalytic reforming feedstock, higher operating temperature of the system, and the complicated reactions in the reactor.
Much research (Pontes et al., 1999) on this subject had been carried out. Results have been published on the process, reactions and kinetics. A conventional naphtha catalytic reforming unit consists of 3 or 4 radial flow reactors in series operated under adiabatic conditions. The temperature and the H 2 /HC molar ratio are the most important process variables. A bifunctional catalyst with Pt and a second metal is generally used. In addition, some novel processes (Melnikov and Makarova, 1998; Smith, 1960; Bolz et al., 1999) of catalytic reforming had been developed.
The kinetics of catalytic reforming has been attracting the attentions of many researchers. A successful kinetic analysis proposed by Smith (1959) , was based on idealizing the complex naphtha mixture by representing the paraffin, naphthene, and aromatic groups by single compounds. The nature of the reforming reactions in which the number of carbon atoms was the same for the precursor and product justified this procedure. Reaction rates were derived from the assumption of a homogeneous system. Jorge and Eduardo (2000) proposed a lumped kinetic model for the naphtha catalytic reforming process. The model utilizing lumped mathematical representation of the reactions taking place was in terms of isomers of the same nature. Arrhenius-type variation was added to the model in order to include the effect of pressure and temperature on the rate constants. Many other kinetic models (Jerzy, 1999) are not described here.
A catalytic reforming unit with 4 reactors in series was analyzed and simulated in this paper. Kinetics proposed by Smith was adopted to describe the reactions occurring during catalytic reforming. Simulation results were compared with the actual data.
MATHEMATICAL MODEL

Basic assumption
The structure of a catalytic reforming reactor is shown in Fig.1 . The following assumptions are proposed on the basis of the features of catalytic reforming reactions, reactor and its operation conditions:
1. The temperature along the axial direction (S) of the radial flow reactor is homogeneous, that is dT s =0.
2. The concentration along the axial direction of the radial flow reactor is homogenous, that is dN s =0.
3. Reactions are in homogenous phase. Based on the above hypothesis, the temperature and concentration gradients along the axial direction can be neglected and only radial direction variables are considered. In fact, the fixed bed reactor is considered as a homogeneous reactor.
Dynamics
If some pseudo ingredients (i) are appropriately used to simplify the feedstock of naphtha catalytic reforming, four dominant idealized reactions (Smith, 1959) can be used to describe the catalytic reforming process so that the catalytic reforming system can be simplified significantly. These four reactions are called model reactions. The chemical reaction equations are as follows
Cycloalkane
Arene (A)+3H 2 (H) (1) Cycloalkane (E)+H 2 Alkane (P) (2) Hydrocracking of alkane
(3) Hydrocracking of cycloalkane (4)
According to Smith (1959) , hydrocracking produces nearly the same amounts of moles of C 1~C6 cuts. Therefore, the model reaction Eq.(3) and Eq.(4) can be represented by the following formula:
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where, n is the number of carbon atoms. For a certain reforming feedstock, the n value can be obtained through the average mole weight M f (kg/kmol) of the feedstock and the family of component
where, x p +x E +x A =1 and x P , x E , x A are mole fractions of alkane, cycloalkane, and aromatics, respectively. The corresponding empirical reaction rate equations (Rase, 1977 ) are based on model reaction Eqs.(1)~(4).
Cycloalkane transformed into arene:
Cycloalkane transformed into alkane:
Hydrocracking of alkane: 
Hydrocracking of cycloalkane:
where, η is corrective coefficient of catalyst; k p1 is reaction rate constant corresponding to r 1 , kmol/(h⋅kg cat⋅MPa); k p2 is reaction rate constant corresponding to r 2 , kmol/(h⋅kg cat⋅MPa 2 ); k p3 is reaction rate constant corresponding to r 3 , kmol/(h⋅kg cat); k p4 is reaction rate constant corresponding to r 4 , kmol/(h⋅kg cat); K p1 is equilibrium constant of cycloalkane transformed into arene, (MPa) 3 ; K p2 is equilibrium constant of cycloalkane transformed into alkane, MPa −1 ; P is pressure of system or component fractional pressure, MPa; r 1 is reaction rate of cycloalkane transformed into arene, kmol/(h⋅kg cat); r 2 is reaction rate of cycloalkane transformed into alkane, kmol/(h⋅kg cat); r 3 is reaction rate of hydrocracking of alkane, kmol/(h⋅kg cat); r 4 is reaction rate of hydrocracking of cycloalkane, kmol/(h⋅kg cat).
Occurrence of hydrocracking reaction occurring in the catalytic reforming process is the main causative factor catalyst deactivation. For different periods of catalytic activity, the carbon accumulation extent are not the same. Therefore, the values η are different from each other. For new catalyst, η=1 and in other conditions, 0<η<1. The value of η can be calculated based on working conditions and time span of the catalytic activity.
Thermodynamics
The most important reaction in the catalytic reforming is the transformation of cycloalkane into aromatics. It is a rapid reaction which approaches to equilibrium in very short time. For reactions of cycloalkane transformation into aromatics and alkane, their reaction equilibrium constants are as follows (Smith, 1959) :
For the above four model reactions, considering the reaction enthalpy and the number of moles of hydrogen consumed or released during the reaction, the reaction enthalpies based on the number of moles of hydrogen (∆H 1 reaction enthalpy of model reaction (1), kJ/(kmol H 2 ); ∆H 2 reaction enthalpy of model reaction (2), kJ/(kmol H 2 ); ∆H 3 reaction enthalpy of model reaction (3), kJ/(kmol H 2 ); ∆H 4 reaction enthalpy of model reaction (4), kJ/(kmol H 2 ) are as follows:
∆H 1 =71038.06 kJ/(kmol H 2 ) (endothermic) ∆H 2 =−36953.33 kJ/(kmol H 2 ) (exothermic) ∆H 3 =-56597.54 kJ/(kmol H 2 ) (exothermic) ∆H 4 =-51939.31 kJ/(kmol H 2 ) (exothermic)
The reactants and products of a catalytic reforming unit can be considered as ideal gases. The relation between its heat capacity (C p , kJ/(kmol⋅°C)) and temperature is
where, a, b, c and d can be obtained from physical properties manual and is listed in Table 1 (Lu, 1982; Reid et al., 1977) .
Model of reactor
The physical model for catalytic reforming radial flow reactor is shown in Fig.2 . The outer radius of the catalyst bed is R o and the inner radius of the catalyst bed is R i . For a element dR at (R, R+dR), the inlet material stream into it is N i and the temperature is T. The outlet material stream is N i +dN i and the temperature is T+dT. With mass and enthalpy balances for the element combining kinetic and thermodynamic equations, the concentration and temperature distributions along the reactor radius can be derived as: (21) dN H /dR=2πRLρ b (3r 1 -r 2 -((n-3)/3)r 3 -(n/3)r 4 ) (22) dT/dR=(2πRLρ b )/(ΣF i C pi )×{3r 1 (-∆H 1 )+r 2 (-∆H 2 ) +[(n -3)/3]r 3 (-∆H 3 )+(n/3)r 4 (-∆H 4 )}
Eq. (19) to Eq.(22) describe changing rates of arene, cycloalkane, alkane, and hydrogen along the bed layer radius. For the adiabatic fixed bed radial flow reactor, its temperature distribution is represented by Eq.(23). F is feedstock, kmol/h; N is flow rate, kmol/h; L is height of catalyst bed in reactor, m; ρ b is bulk density of catalyst, kg/m 3 . 
SIMULATION OF THE REACTOR
Basic data
Liaohe straight-run distillation naphtha (Liaohe Petroleum Field, China) was selected as reforming feedstock. Its distillation temperature range is 65 °C~145 °C, 20 4 d =0.7314. Engler distillation data is listed in Table 2 . The feedstock of catalytic reforming reactors and recycle hydrogen content data (Yong, 1995) is shown in Tables 3 and 4. The inlet temperatures of all reactor I, II, III and IV were 521 °C. The operating pressure was 1.730~1.408 MPa and recycling hydrogen flow rate was 3.1372×10 4 Nm 3 /h.
Simulation calculation
Simulation calculation was carried out using data listed in Tables 2−4 and the results are listed in Table 5 . Because people usually focus on the reactor production ability, conversion rate, hydrogen generated by reforming, temperature of catalyst bed, etc., the temperature, arene, cycloalkane, alkane, and hydrogen varying with the radius of the beds are listed in Table 5 . Note that the data used in the simulation calculation is calibration data in the latest operation period. The catalyst correction coefficient η=0.432 at this period.
RESULTS AND DISCUSSIONS
It is obvious, from the data listed in Table 4 , that in reactor I and II, the main reaction happened is cycloalkane aromatization, is an endothermic reaction and the bed layer temperature drop of these two reactors is larger. In reactor III and IV, alkane dehydrogenization, cyclization, and hydrocracking reactions are dominant there. At the same time, the cycloalkane produced there through cyclization continues to aromatize, but the amount is not large. Furthermore, a large amount of heat was released by cyclization and hydrocracking reactions. Therefore, the bed temperature drop in these two reactors, the last one especially, is smaller.
It should be pointed out that under some suitable conditions the reversal reaction represented by Eq.(10), alkane transformation into cycloalkane becomes more important. On the one hand, aromatic production yield can be increased. On the other hand, non-aromatic content in reforming arene can be decreased and aromatic compounds transformation rate can be increased.
Based on data in Table 5 , the temperature distribution curve in the catalyst bed, that is, the temperature variation within the radius of the catalyst bed, is shown in Fig.5 showing that at the inlet side (i.e. higher value of R) of the reactors I and II, the bed temperature varies rapidly and at the outlet side (i.e. smaller R) the bed temperature varies slowly. Because 2. Once pseudo ingredients were selected suitably. The present empirical kinetics model can be well applied to catalytic reforming reactor for simulation and optimization.
3. This method can be used to predict aromatic capacity, yield, transformation rate, bed temperature, and so on for new operation conditions. Therefore, the optimum operating parameters can be obtained to yield maximum profit.
there was more catalyst in the inlet where the reactants content was higher than that at the outlet. Therefore, more aromatic compounds were generated and more heat was absorbed at the inlet side. The situation at the outlet side was totally opposite. For reactor III and IV in spite of the trend being similar to that of reactors I and II, the temperature varied more gently because the reactions were exothermic.
For comparison, the reactors calibration values are also shown in Fig.5 . The simulation results and actual values of the reforming product are shown in Table 6 . These results indicate that the model and simulation in the present paper are satisfactory.
